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Generall Introduction 

Forr several decades one of the major concerns in cellulose research has been, and still is, 
thee issue of permanence and durability of paper. A number of past and recent studies 
investigatedd in depth the roles played by the paper components in the degradation process 
off  cellulose. As early as the twentieth century, the poor long-term stability of certain 
typess of paper, such as ground wood pulp paper sized with alum and rosin, brought about 
aa general consensus among the conservation professionals and the industry on the need 
forr adapted conservation measures and research into new and less aggressive pulping and 
sizingg processes. 

Fromm the conservation research perspective, understanding the long-lasting properties of 
paperr logically starts with directing the investigations towards the characteristics of those 
paperss that have survived for centuries and still remain in good physical condition. This is 
thee case for early European papers from the fourteenth to the eighteenth centuries, which 
forr the most part, are at present in far better conservation conditions than papers of more 
recentt origins. Indeed, certain factors responsible for the longevity of historic papers have 
beenn extensively investigated. Some of these include the purity of the source of cellulose, 
relatedd to the fibre's origin, the presence of mineral salts used as fillers, or the lack of 
metall  inclusions. Many studies also pinpointed early on that low content of both lignins 
andd hemicelluloses was a factor of paper longevity. The studies showed that these wood 
residues,, which are found in large amounts in papers from the nineteenth and the early 
twentiethh centuries, accelerated paper degradation. However, a particular aspect that has 
receivedd littl e attention among the diversity of paper components is the sizing material, 
andd especially gelatine, as this protein was used in early European papermaking. 

Thee modern definition of sizing refers to the treatment of paper carried out in order to 
achievee resistance to the sorption of liquid, either by means of additives incorporated in 
thee papermaking furnish (internal sizing) or by surface application to a formed and dried 
paperr (surface sizing). The historical definition refers to a hybrid form of surface sizing, 
ass it was done after the sheet formation but involved an immersion process, and as such 
achievedd a total penetration of the size in the paper web. 

Thee practices in early European paper mills were inherited from oriental papermaking. 
Theyy were adapted to the needs and resources of European mills and pioneered in Italy at 
Fabrianoo in the second half of the thirteenth century. They underwent various 
modificationn stages throughout the thirteenth to the eighteenth centuries as the production 
pacee increased due to the economic expansion. This expansion was feeding an ever-
growingg demand linked to the commercial, administrative, educational, literary and 
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artisticc activities [1]. The nineteenth century represents a turning point in the history of 
papermaking,, as it witnessed the rise of industrialisation, which led to wood pulp papers. 

Iff  in early papermaking the practices are fairly homogeneous compared to those of 
industriall  papermaking, those of the fourteenth century are however hard to compare to 
thosee of the eighteenth century on the basis of the literature available. This is mostly due 
too the scarceness and disparity in the sources of information. But practices also changed 
withh time, as paper passed from being a rare and expensive material, reserved to artistic, 
intellectuall  and political use, to becoming a basic commodity. Nevertheless, all along, the 
imperativess of quantity were common ground with those of quality, and specific skills 
weree needed. In a paper mill , tasks were rigorously divided amongst the "beaterman", 
"vatman",, "coucher", "layer" and the "sizeman", who were highly qualified workers [2]. 
Sizingg in particular, which required gelatine, and was carried out following the formation 
off  the paper sheet, demanded precise manual skills. These consisted for instance of a 
rapidd yet even manoeuvre, as well as knowledge of the animal by-products to be used, 
andd awareness of the atmospheric conditions that influence the quality of the drying 
process. . 

Diderott [2] describes the use of leather, hides, ears, tripe, feet, bones, parchment 
clippings,, and other scraps of any four-footed animal except pig, available from nearby 
slaughterhouses,, tanners or butchers. These were boiled until all the gelatine was 
extracted.. De Lalande [3] observed that sturgeon gelatine that was used to size paper in 
Hollandd during the same period yielded what he qualified as the finest quality paper in 
Europe. . 

Thee gelatine solution was then filtered twice by straining it through a cloth, and 
sometimess was even diluted with water [3], as the proper consistency of the size was 
subjectivelyy appreciated by the "sizeman". Diderot [2] and De Lalande [3] describe how a 
smalll  pile of paper sheets, called "porce" (approximately 260 sheets), was dipped into a 
largee copper vat or tub where the gelatine size was kept under moderate heat (around 
40°C),, as the early papermakers knew that the control of temperature at this stage was 
crucial.. Indeed, at high temperature the proteins become denatured. As the preparation of 
thee gelatine size already involves high temperatures, further denaturation had to be 
avoided,, as it would result in a lower viscosity and hence a poorer quality of the size. The 
tub-sizingg procedure is still in use to date for high quality and artist papers, and is carried 
outt in automated tub-sizers [4]. 

Paperss were then lightly pressed to remove the excess gelatine, which was recycled and 
reused,, and they were allowed to cool in a stack before drying, usually in a loft, by 
hangingg each sheet individually [2,5]. 

Ass any protein, gelatine is subject to biodeterioration and fairly quickly degrades at 
ambientt temperature in the presence of moisture. Alum, in the form of aluminium 
potassiumm sulphate hydrate ([AlK(S04)2,yH20]) was added to the size mainly as a 
preservationn agent in order to prevent its rapid putrefaction, but had a number of 
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additionall  properties. It acted as a binder between the gelatine and the paper, increased 
thee rattle of the paper, prevented newly sized sheets from adhering to each other, and 
helpedd adjusting the consistency of the size. Added in moderation, alum increased the 
viscosityy of the size, yet it decreased it when in larger quantity [6]. 

Alumm was added to the warm gelatine solution after the filtering step, either directly in the 
formm of dry crystals, or as an aqueous solution [6]. Gelatine size and alum could also be 
appliedd in two steps, the paper being sized first, and then immersed in an aqueous 
solutionn of alum [7]. The sizeman evaluated the alum concentration in the size by tasting 
itss bitterness. According to De Lalande [3], the weight of alum added to the gelatine 
solutionn was about one twentieth the weight of the size solution (i.e. 5% by weight). 

Aluminiumm potassium sulphate hydrate was extracted from minerals such as alunite, slate, 
schistt and shale [6]. Although its use is already mentioned in sixteenth century recipes, 
thee way it was introduced in papermaking practice remains quite uncertain. It may already 
havee been used in the first European paper mill at Fabriano [6], although no source can 
confirmm this. In the mid-nineteenth century, the double aluminium and potassium salt was 
replacedd in papermaking factories by aluminium sulphate hydrate [Al2(S04)3,yH20], also 
calledd papermakers' alum [6], as the latter became more easily available on an industrial 
scale.. However it was also frequently contaminated with impurities such as iron or the 
residuall  sulphuric acid that was used to extract it from the clay and the bauxite ore [6]. 
Thee use of alum persisted as alum-rosin was used to size mechanical wood pulp papers 
fromm the very early nineteenth well into the twentieth century. Nowadays rosin size is still 
widelyy used by the papermaking industry for current quality paper, in the form of 
dispersedd size (free rosin dispersion of resin acids) or soap size (sodium salts of resin 
acids),, and alum remains a necessary additive in the process. Sodium aluminate 
(NaAlCh),, an alkaline source of aluminium can be used as a partial substitute for alum in 
rosinn soap sizing. However, the need to produce alkaline paper and permanent paper and 
thee use of calcium carbonate filler led to the development of synthetic compounds such as 
alkyll  ketene dimer (AKD) and alkenyl succinic anhydride (ASA) sizes [8,9], which first 
appearedd in 1953 and 1974 respectively [10]. This variety of sizing materials available 
didd never overshadow gelatine/alum sizing which to date continues to be used for fine and 
artistt quality papers. 

Thee best gelatine sizes were those yielding the stiffest gel when cold [11]. The amount of 
sizee in the papers depended on their intended use. Historically, for optimal writing 
properties,, the sheets were heavily sized to prevent feathering and blotting effects. 
Sometimess the paper was passed several times through the size tub until the sizing was 
consideredd sufficient. Diderot [2] reports that after sizing, the sheets of paper intended for 
writingg were rubbed with sandarac resin on the writing side. Then on that same side, a 
solutionn of alum and brown sugar was applied with a sponge. During the nineteenth 
century,, dry gelatine in the form of powder or sheets became available to papermaking 
factories.. Recipes from that period were therefore more reproducible, although they 
variedd widely among manufacturers. 
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Ass mentioned earlier, sizing has been largely neglected to date as a possible factor in the 
longevityy of early European papers. Few studies have been carried out, and some attribute 
too gelatine a buffering capacity either by reacting with the acids, thus protecting paper 
fromfrom acidic species, such as degradation products and atmospheric or indoor pollutants, or 
byy forming a physical barrier that limits the access of oxygen, acids and other reactive 
speciess to the cellulose [12,13]. These studies were the trigger and starting point for the 
presentt research. However, their main focus was either on macroscopic examinations, i.e. 
thee physical integrity and increased mechanical properties of the paper, or on elemental 
analysis,, by quantifying certain elements in the papers that could explain their durability, 
suchh as high levels of calcium, and/or low levels of potassium and aluminium [13,14,15]. 
Neverr did they attempt to investigate how the benefits of gelatine sizing translated at the 
molecularr level. It seemed therefore that gelatine sizing and its potentially beneficial 
effectt on paper needed further investigation, and that the new research would have to be 
directedd towards a different aspect, that is the macromolecular level. 

Therefore,, in the present research the role of gelatine in pure cellulose paper was 
investigatedd mainly from the chemical point of view. The changes that occurred upon 
agingg in the molecules of cellulose whether the paper was sized or unsized, and 
dependingg on the sizing procedure as well as on the type of gelatine were characterised. 
Thee main technique used, size-exclusion chromatography (SEC), was selected from 
amongg other commonly used techniques for cellulose analysis for its sensitivity to small 
chemicall  changes, thus providing a precise determination of the molar mass and molar 
masss distribution of polymers. SEC was used for the characterisation of both the cellulose 
andd the gelatine, and two different methods were developed for this purpose. In the 
methodd for the analysis of cellulose, the coupling of SEC with the detection technique of 
multianglee light scattering (MALS) allowed the determination of the absolute values of 
thee molar mass and size of the polymer (radius), from which other characteristics, such as 
thee polymer conformation in solution could be derived. The method developed using this 
techniquee was compared with other chromatographic and viscometric methods commonly 
usedd for cellulose characterisation. 

Thee methodology that was developed for dissolving the paper in order to perform SEC 
wass evaluated compared to other methods, with the aim of studying the efficiency and the 
inertnesss of the solvent. Light scattering detection provided important information in that 
respect.. Nevertheless, as the analytical and polymer chemistry techniques used to 
characterisee such chemical changes are not easily available to the paper conservation 
practitioner,, other methods more commonly used for macroscopic examination were 
includedd in order to search for possible macroscopic changes that would assist in the 
molecularr characterisation and reflect the actual degradation state. 

Withh regard to the materials and methods and their implementation for the present study, 
thee short review of historic sizing reported earlier showed that, if gelatine, and later alum, 
weree always present, no one single recipe prevailed, as the raw materials and the practices 
variedd both with geography and time. Historic recipes are fairly imprecise and therefore 
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difficultt to reproduce. However, for the purpose of the present research, in order to model 
earlyy practices, it was important to study and understand them. The study by Barrett and 
Mosierr [16] on fifteenth to eighteenth century papers was used as a guide for the range of 
amountss of gelatine needed to size the model papers. However, historic seventeenth and 
eighteenthh century recipes [2,3] and early industrial twentieth century gelatine sizing and 
gelatine/alumm sizing procedures for artists' papers were also taken into account to finalise 
thee range of concentrations required [4,11,17,18,19]. The model papers prepared were 
artificiallyy aged, as no closer tool to an exact natural aging process is available to date in 
conservationn research to mimic and understand the degradation processes of materials. 
Naturallyy aged historic papers were also included in the study, in order to relate the 
findingss obtained with the model papers as much as possible to real case situations. 

However,, it has to be noted that, as is generally the case in conservation science, one of 
thee biggest challenges of research project such as in the present study resides in being 
ablee to correctly extrapolate the results obtained from models to real artefacts. One 
importantt role of scientific research in the conservation field is to assess the overall state 
off  deterioration of materials to help predict the life expectancy of objects of the cultural 
heritage.. Finding ways of increasing the longevity of these artefacts and understanding 
thee degradation pathways of the materials upon aging are important in the evaluation of 
thee conservation needs of collections, and the design of proper long-term preservation 
strategies. . 

Thiss study is therefore not intended as an exhaustive investigation on the effects of 
gelatinee sizing and gelatine/alum sizing on the longevity of paper, but as a contribution to 
thee knowledge of the materials used historically in papermaking and their behaviour in 
time. . 
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